I N T RO D U C T I O N
Knowledge of the composition and the thermal state on the Earth's mantle is important to better understand the geodynamic behaviour of the lithosphere. For several decades, seismic velocities have been used to determine the physical properties of mantle and much effort has been put into the understanding of the sensitivity of seismic velocities to the changes of mantle composition. Such changes have been investigated at several laboratory studies (Karato & Jung 1988; Sato et al. 1989; Watanabe 1993; Karato 1995; Carlson et al. 2005) and by observations of various tectonic environments (EberhartPhillips et al. 2006; Rossi & Abers 2006; Zheng & Lay 2006; Wagner et al. 2008) .
Pn tomography has proven to be very useful to investigate the uppermost mantle velocity and anisotropic structure at local and regional scales (Hess 1964; Backus 1965; Hearn & Ni 1994; Hearn 1996 Hearn , 1999 . Large velocity contrast between crust and mantle confines propagation of Pn waves to the uppermost mantle and mapping of the lateral variations in Pn velocities using traveltime observations can identify regions with particular importance in dynamic processes, for example partial melt, detachment of subducting plates and presence or absence of mantle lid. In addition, Pn anisotropy allows investigating the strain field in the uppermost mantle as it is sensitive to the preferred orientation of the most abundant uppermantle minerals, for example olivine and orthopyroxene (Nicolas & Christensen 1987; Christensen 2004) .
The structure of the uppermost mantle in Anatolian-Aegean domain has been of interest to many as the region is one of the most active tectonic zones in the eastern Mediterranean. Hearn & Ni (1994) determined Pn velocity distribution for the Turkish-Iranian Plateau. They obtained low Pn velocities (<7.9 km s -1 ) beneath most of the Turkish-Iranian Plateau and high Pn velocities (>8.1 km s -1 ) beneath the Black Sea and southern Caspian Sea. Average Pn velocities (8.0-8.1 km s -1 ) beneath southwestern Mediterranean were observed. Hearn (1999) computed Pn velocity distribution beneath the European region and part of the Aegean Sea. He obtained much lower seismic velocities (7.6-8.1 km s -1 ) beneath tectonically active mantle of southern Europe than the more stable mantle of the sub-African Plate of Adriatic Sea (8.3 km s -1 ).
A more recent study on Pn tomography was performed by AlLazki et al. (2004) . Pn velocities and anisotropy were obtained at the junction of the Arabian, Eurasian and African plates. They observed large scale (∼500 km) low Pn velocity structures (<8.0 km s -1 ) underlying the Anatolian Plate. Smaller scale (∼200 km) very low Pn anomalies (<7.8 km s -1 ) are observed in central Turkey. The most recent study is done by Gans et al. (2009) in a relatively smaller area and data set in central Turkey. They observed very low Pn velocities (<7.8 km s -1 ) on the eastern part of the North Anatolian Fault Zone (NAFZ) and faster velocities (>8.1 km s -1 ) on the western part of the fault. Other tomographic studies at various resolutions and scales were also computed in the region (Karagianni et al. 2005; Pasyanos 2005; DiLuccio & Pasyanos 2007; Cambaz & Karabulut 2010) . Studies on the crustal thickness variations are available in regions at smaller scales (Sodoudi et al. 2006; Zhu et al. 2006; Zor et al. 2006) .
The recent improvements on the number and quality of seismic stations in Turkey and surrounding regions have provided high quality seismic data and improved coverage for most of Anatolian and Aegean domain. The approach in this work is similar to Hearn (1996 Hearn ( , 1999 and Al-Lazki et al. (2004) but benefits from the improved coverage of stations and data quality. From 1999 to 2010, a total of 700 earthquakes with magnitudes greater than 4.0 are selected. Pn arrivals are defined as the first arrivals between 180 and 1500 km distance range. More than 50 000 Pn arrivals recorded by 832 stations were used for tomographic imaging. We computed both isotropic and anisotropic Pn velocity distributions and estimated crustal thickness variations. Pn velocities are found to be lowest in eastern Turkey (<7.6 km s -1 ) and highest in the eastern Mediterranean Sea and Zagros Suture (>8.3 km s -1 ). An anomalous low velocity zone is observed in central Anatolia. Large Pn anisotropy is observed in the Aegean, central Anatolia and along the southern coast of Anatolia. The direction of the anisotropy in the Aegean Sea is consistent with the results of geodetic measurements and SKS splitting directions, aligned on the N-S direction in the extensional regime of western Anatolia. The station delays are found to be proportional with the crustal thickness and the crustal thickness estimates are mostly consistent with previously known values. Large crustal thicknesses are observed along the DinaridesHellenides and along the southern coast of Anatolia.
T E C T O N I C S A N D G E O L O G Y
Turkey is an E-W trending segment of the Alpine-Himalayan orogenic belt and located on the boundary between Gondwana in the south and Laurasia in the north. Within this belt different continental and oceanic assemblages related to the opening and closure of the Palaeozoic and Mesozoic oceanic basins collectively named as the Tethys Ocean stuck together with younger igneous, volcanic and sedimentary rocks (Şengör et al. 1981; Göncüoglu et al. 2000; Okay 2008) . Although the geometry and evolution of the Tethys Ocean is still in debate, there is a consensus regarding the presence of Palaeotethys on the south and Neotethys on the north. Two major E-W trending ophiolite belts indicate the closure and destruction of Neotethys (Stampfli 2000) . The northern Neotethys is located between the Sakarya Zone in the north and the Anatolian-Tauride Platform in the south. The southern Neotethys which separated Arabian Platform in the south from Anatolide-Tauride Platform in the north is located along the southeast Anatolian Suture (Okay 2008) . The present tectonics of the region follows closure and the destruction of the Neotethyan oceans (Fig. 1) .
The tectonic evolution of the region can be defined at several key stages. In the Early Miocene-Late Oligocene, the collision of the Arabia with Eurasia occurred along the Bitlis-Pontides belt resulting with the closure of Bitlis Ocean, a part of the southern Tethys (Facenna et al. 2006) . A large portion of the collisional belt in the Upper Miocene was uplifted to an elevation of 1.5-2.0 km and a widespread volcanism was observed as a result of the delamination of mantle lithosphere and slab break-off (Keskin 2003; Şengör et al. 2003) .
Following the uplift of the Turkish-Iranian Plateau, the northward motion of Arabia gave rise to the westward escape of the Anatolian Block along two intracontinental transform faults, the NAF and the East Anatolian Fault (EAF). The NAF which forms the northern boundary of the Anatolian-European plates is a right lateral strikeslip fault and runs for about 1500 km from eastern Anatolia to the Aegean Sea where it splits into several branches (Barka & Kadinsky-Cade 1988; Şengör et al. 2005) . Geodetic data indicates that the present-day motion of Anatolia with respect to Eurasia is almost totally accommodated by the NAF (Reilinger et al. 1997; McClusky et al. 2000) . Along the boundary of the Anatolian Block with the Arabian Plate, the EAF, a major left lateral strike-slip fault activated during the Late Miocene extends from the northern end of the Dead Sea Fault (DSF) to the eastern end of the NAF (Arpat & Şaroglu 1971) .
As the continental collision was active in the east, the extension was taking place in the eastern Mediterranean region. Crustal thickening and subsequent extension and magmatism followed the closure and the destruction of the Neotethyan oceans (Taymaz et al. 2007) . The rapid extension has thinned the crust from 45-50 km down to 28-32 km (Yılmaz 1997; Saunders et al. 1998) . The Hellenic and Cyprian trenches have been the major factors on the distribution of deformation in the region. Along the Hellenic-Cyprus trenches the African Plate is subducting NE beneath the Anatolian Plate at varying rates. As a result of subduction roll-back, the overall velocity field of the Anatolian-Aegean Block relative to Eurasia increases towards the Hellenic arc. Large-scale tomographic images suggest that once continuous subducting slab extending from the Hellenic arc to the Bitlis Suture lost its continuity at the depths of least several hundreds of kilometres and was almost totally consumed on the east of Cyprus (Wortel & Spakman 2000; Piromallo & Morelli 2003; Facenna et al. 2006; Biryol et al. 2011) .
Central Anatolia forms a broad transitional tectonic zone between the extensional tectonic regime of the western Anatolia and the strike-slip tectonic regime of the eastern Anatolia (Koçyigit et al. 2000) . Most of the geological structures of central Anatolia and the Taurides, including Isparta Angle, have been sourced from the tectonic and magmatic events related to this active convergent plate boundary (Glover & Robertson 1998; Koçyigit et al. 2000) . The region is also characterized by ∼13 Ma to recent post-collision related volcanism (Notsu et al. 1995) . The evolution of these volcanics could be related to a vertical tear in the subducting African Plate (Biryol et al. 2010) .
DATA A N D M E T H O D
A waveform database for this study was formed from the permanent and temporary stations operated in the region from 1999 to 2010 (Fig. 2) . The main source of the data is the National Network of Turkey operated by Kandilli Observatory and Earthquake Research Institute (KOERI). The network has been continuously upgraded since 2004 and the total number of broadband stations has exceeded 130 in 2010. Supplementary waveform data from IRIS and ORFEUS depositories were obtained for the permanent stations operated in the region. The data from the temporary networks, for example Eastern Turkey Seismic Experiment , Western Anatolia Seismic Recording Experiment and Seismic Imaging beneath Aegean-Anatolia Domain (SIMBAAD; Paul et al. 2008) were also included in the analysis. The observations from several local and aftershock studies were added in the analysis.
The station distribution shown in Fig. 2 is not uniform in the study area. The greater density of the stations is in northwestern Turkey and Aegean and relatively less dense in central and eastern Anatolia. The majority of the earthquakes are located along the active seismic zones such as NAF, EAF and Aegean. Fewer earthquakes were included from Caucasus and Iran.
The initial catalogue for Pn tomography was compiled from the bulletins of KOERI, International Seismological Centre (ISC) and European-Mediterranean Seismological Centre. A total of 700 earthquakes with magnitudes M L > 4.0 were selected and waveform database was constructed for the selected events (Fig. 3 ). More than 50 000 Pn arrival times recorded at 832 seismic stations were manually picked. The data quality was generally good and only clear Pn arrivals were picked. For ISC bulletin, many Pn are poorly picked and older data may suffer from poor timing. However, these traveltimes constitute less than 5 per cent of the observations. Fig. 4 shows an earthquake gather constructed from the stations located between 27.5
• E and 28.5
• E for an earthquake approximately located in the middle of the profile.
The locations of the selected earthquakes were improved with manually picked P and S arrivals at distances smaller than 180 km. The study area was divided into five regions and regional velocity models were constructed using Velest inversion code (Kissling et al. 1994) . The locations of the earthquakes were computed with these velocity models using the hypocentre location code (Lienert et al. 1986) . As a result, 596 relocated earthquakes and 695 stations were selected for the analysis. The final selection was based on the location accuracy, focal depths and total number of recording stations. We discarded the events with location errors more than 5 km and hypocentral depths greater than 40 km. We also eliminated stations that recorded less than 10 events and earthquakes with fewer than 10 Pn arrivals. Traveltime residuals greater than 8 s were ignored as the residuals greater than 8 s are significantly larger than the data scatter. As a result, a total of 39 900 Pn travel met the selection criteria and were used for the tomographic analysis. in the number of observations is apparent at distances greater than 800 km (Fig. 5 ). Shorter distances reduce the deviation from the linear path due to the velocity gradient in the mantle lid. Fig. 6 shows ray paths between events and stations. The ray paths provide a good coverage of the study area. The ray density is high in the northwestern Turkey and the Aegean region and relatively less dense in the central and eastern Anatolia. Coverage is poor in the Black Sea, Caucasus and southern Mediterranean.
The Pn traveltime residuals were inverted to determine lateral variations of velocity and anisotropy in the uppermost mantle (Hearn 1999) . The method is an extension of the time-term method widely used in the seismic refraction studies (Scheidegger & Willmore 1957; Willmore & Bancroft 1960; Reitter 1970) . For the epicentral distances used in this study, the Pn phases are modelled as refracted rays following at crust-mantle velocity contrast. Along the propagation path, Pn paths are separated into three linear segments: the ray path from the source to the mantle, the ray path through the upper mantle and the ray path from the mantle to the receiver. The observed linearity of traveltimes with distance proves the validity of the straight ray paths for refraction path (Fig. 5 ). The distribution of seismic velocity within the uppermost mantle is parametrized by subdividing the uppermost mantle in a 2-D grid of square cells. Anisotropy perturbation is introduced by a 2θ azimuth variation (Backus 1965; Crampin 1977) . The resulting set of equations is solved using a pre-conditioned LSQR conjugate gradient algorithm (Paige & Saunders 1982; Hearn 1996) . The convergence is easily attained within 100 iterations. Two damping parameters for slowness and anisotropic coefficients are used to regularize the inverse solution to control the trade-off between errors and resolution. Trade-off between the velocity and the anisotropy is computed from the rms value of the magnitude of the velocity perturbations and the rms of the anisotropy magnitude perturbations for each inversion. The magnitude and the direction of the anisotropy are computed from the coefficients of the terms involving 2θ in the traveltime equation (Hearn 1999) .
We determined average uppermost mantle velocity for the data set from a linear fit to the Pn traveltimes in the study area. An average crustal velocity of 6.3 km s -1 and crustal thickness of 35 km were obtained from the slope of the Pg traveltimes and intercept time, respectively. These estimates were then used for the initial model of the tomographic inversion. Lateral variations of Pn velocity were imaged as perturbations from the average velocity of 8.0 km s -1 . Topography corrections at the station sites were applied assuming a constant velocity of 5.5 km s -1 .
Station and event delays were computed relative to the average crustal thickness and velocity of the study area. The station delays are mainly interpreted in terms of Moho depths and the event delays are not interpreted because they are strongly affected by the uncertainties of the depth and the origin time of the earthquakes (Hearn 1996) . Station delays depend on crustal, mantle velocities and crustal thickness whereas event delays also take into account errors related to locations. Therefore, crustal thickness and velocity cannot be determined independently from the delay times.
R E S O L U T I O N A N D E R RO R A N A LY S I S
A number of analyses using both real and synthetic data were performed to select optimum cell size, smoothing and weighting parameters. The checkerboard test is the most common way to assess the solution quality, the effect of ray coverage, parametrization of the model space and damping factors. The analysis is performed using the same source-receiver configuration as the observations. Tests are also performed to determine optimum damping parameters. The criterion for selecting optimum parameters is to obtain high level of resolution in which both magnitude and shape of the anomalies are preserved.
The initial checkerboard model for velocity contains alternating values of ±0.5 km s -1 for low and high velocity regions with 1
• , 2
• , 3
• and 4
• pattern sizes (Fig. 7) . For anisotropy tests, input is a model with 5 per cent variations with fast directions perpendicular in adjacent cells (Fig. 8) . The tests are performed for both velocity and anisotropy using damping factors of 200, 400, 600 and 800. Fig. 7 shows the tests on velocity only using a damping factor of 400 to determine the effect of path coverage on various pattern sizes. Fig. 8 shows the tests on anisotropy with a fixed pattern size of 2
• and varying damping factors. Both the magnitudes and the shape of the patterns were recovered with pattern sizes greater than 2
• in most of the study area (Fig. 7) . The result indicate that the patterns smaller than 2
• cannot be resolved well in the areas with low ray coverage such as in the Black Sea and the Mediterranean Sea. In the Arabian Plateau the smearing of the patterns also indicates insufficient ray coverage. The resolution depends not only on the ray coverage but also azimuthal coverage. When the azimuthal coverage is poor the anisotropic anomalies cannot be determined accurately. The optimum results from the tests are obtained using damping constants of 400 for the velocity and 400 for the anisotropy.
The determination of measurement errors is important to assess our ability to resolve the observed variations of the Pn velocities. We estimate errors with using bootstrap analysis (Hearn & Ni 1994) . Bootstrapping is a way of testing the reliability of the data set and assess whether the distribution has been influenced by stochastic effects. It involves resampling of data with replacement and creates a series of sample data set from the original set. Standard errors of Pn velocity and stations were estimated from the 100 runs. We computed tomographic images for velocity variations only and velocity-anisotropy together. Fig. 11 shows the inversion with only velocity variations and Fig. 12 show the results for Pn velocity and anisotropy distributions from the combined inversion. The rms errors were 0.98 and 0.93 s for the two inversions, respectively. Fig. 13 shows traveltime residuals before and after the combined inversion with the histograms of the traveltime errors. Significant improvement is observed on the residuals and the variance reduction was 76 per cent. The differences between Figs 11 and 12 are observed in the low velocity region of eastern Anatolia, along the NAF and the Hellenic arc. The including anisotropy changes the extent and magnitudes of the anomalies but not the locations. The trade-off between velocity and anisotropy may exist in the areas of large velocity contrasts (Figs 14 and 15 ). Fig. 16 shows stations delays. Station delays for both inversions were nearly identical.
We describe the general features of the Pn inversion and discuss the areas of particular interests in the next subsections.
Pn velocity variations
Large lateral variations in upper-mantle velocities are reported in various tectonic settings (Eberhart-Phillips et al. 2006; Rossi & Abers 2006; Zheng & Lay 2006; Wagner et al. 2008) . These variations mainly result from changes in upper-mantle temperature, composition, presence of water and other volatiles (Karato & Jung 1998; Sato et al. 1989; Babuska & Cara 1991; Watanabe 1993; Karato 1995) . The laboratory studies on dry peridodite samples, the main constituent of the upper mantle, at high pressure and temperature indicate that seismic velocities show a rapid decrease with increasing temperature (Sato et al. 1989) . Small amount of water can contribute to partial melt by reducing the solidus temperature in the mantle (Karato 1995; Karato & Jung 1998) .
Overall, the most striking feature of the Pn velocity maps in this study is the observation of very fast and very slow anomalies across the region, which clearly shows the presence of a heterogeneous lithospheric structure (Fig. 12) . The Pn velocity is varying from <7.5 to >8.4 km s -1 in the study area. High Pn velocities (8.1-8.5 to Quaternary is associated with the complete elimination of the Neotethyan ocean floor as a result of collision of Arabia and Eurasia during Early Miocene (Yılmaz et al. 1998) . The volcanism in the region shows various compositional characters, calc-alkaline in the north and alkaline in the south. Keskin (2003) argued that the subduction component of the volcanics decreases from north to south. This indicates that the volcanism started earlier in the north (∼11 Ma) and migrated to the south (∼2.0 Ma) as a result of the slab detachment beneath the region (Keskin 2003; Şengör et al. 2003) .
The mantle lithosphere was replaced with the low velocity material of asthenosphere beneath the plateau after the detachment of the northward subducting Arabian lithosphere (Keskin 2003; Şengör et al. 2003) . They suggested that the lithospheric mantle is either thinned or totally removed in the region with the complete destruction of subducting slab. Low velocities in Pn tomography correlate with the volcanic activity in EAP. However, the anomalies do not appear to cover uniformly the entire region but show in two distinct patches with varying magnitudes and sizes. Similar anomalies both in magnitude and size are also observed by Al-lazki et al. (2004) . However, in contrary to the previous studies two distinct low velocity zones are separated by relatively higher velocities (7.9-8.0 km s -1 ). This can be either related to systematic picking errors associated with the attenuation of Pn phases or mantle lid is not completely absent in the region. Another explanation could be the presence of velocity gradient in the mantle.
A prominent low velocity anomaly also appears in Central Anatolia Volcanic Zone (CAVZ; Fig. 12 ). The low velocities (<7.7 km s -1 ) coincide with the Neogene-Quaternary volcanism of the area. The tomographic images of Biryol et al. (2010) also show slow velocity perturbations as deep as 200 km beneath the CAVZ. However, the low velocities have limited spatial extent in contrast to low velocities of Pn tomography. Pn velocity anomaly covers a larger area and extends towards the low velocities of eastern Anatolia.
The volcanism in the CAVZ is mainly characterized by calcalkaline and also mild alkaline compositions (Kuşçu & Geneli 2008) . The calc-alkaline volcanism is typically observed on convergent plate margins but is not limited only to this tectonic setting (Kuşçu & Geneli 2008) . The presence of both calc-alkaline and alkaline magmatism is explained either by opening of an asthenospheric window within the subducting oceanic plate or through channels along major lithospheric faults (Pasquare et al. 1988; Kuşçu & Geneli 2008) . Based on the analysis of the volcanic rocks in the Hasandagı of CAVZ, Deniel et al. (1998) also pointed the decreasing influence of the subducted or crustal component through time and the increasing contribution of melt enriched lithosphere. The calc-alkaline character of volcanism in the absence of more recent subduction would indicate the influence of the early subduction of the African Plate under the Eurasian Plate from Eocene to Miocene (Deniel et al. 1998) . They suggested that the evolution towards alkaline compositions through time is related to the development of extensional tectonics in Central Anatolia in the Late Miocene.
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Pn velocities are higher on the south of the Bitlis Suture Zone, boundary between high velocity of the Arabian Platform and low velocity zone of eastern Anatolia. Very high Pn velocities are observed beneath the Zagros Suture Zone (>8.3 km s -1 ). The ray coverage in this region is poor. However, both magnitude and size of the anomaly are so large that the patterns with a size of 3
• can be determined and the results are consistent with previous studies (Al-Lazki et al. 2004; Kaviani et al. 2007) .
Lower velocities (<7.9 km s -1 ) are also observed in a narrow range elongating in the N-S direction of the DSF system that forms the plate boundary between Africa and Arabia. The lower velocities there coincide with the Neogene-Quaternary volcanic outcrops observed at the surface. The low velocity region is surrounded by higher velocities of Arabian Platform and Mediterranean Basin (Fig. 12) .
Beneath the eastern Mediterranean Basin, Pn velocities are generally higher (>8.2 km s -1 ) but do not show the same strength along the Cyprus and Hellenic belt. The velocities are higher on the west of Cyprus than the east with a sharp transition at Paphos Transform Fault (Fig. 12) . The high velocity zone on the west of Cyprus extends from the Paphos discontinuity to Isparta Angle in the N-S direction with decreasing intensity. Further west, a more pronounced high velocity zone (>8.4 km s -1 ) on the south of the Rhodes Island is observed. The two high velocity zones seem to be continuous but the tomographic image has poor resolution on the south. On the north of these high velocity zones, lower velocities (<7.8 km s -1 ) are observed between the Rodhos Islands and the Antalya Bay.
Based on the teleseismic tomography, it is proposed that once continuous subducting slab extending from Hellenic arc to Bitlis Suture have now lost its integrity and is discontinuous (Facenna et al. 2006; Biryol et al. 2010) . The teleseismic tomographic images show the termination of the slab on the east of Cyprus. On the west of Cyprus, a minor tear was located at the Paphos Transform Fault and a major tear was located at the Strabo Transform Zone (Facenna et al. 2006; Biryol et al. 2010) . The low velocity zones could be associated with the flow of low velocity asthenospheric material through the slab tears.
From the 35 • E to the Aegean Sea, Pn velocities appear to be relatively uniform. The velocities are varying between 7.9 and 8.1 km s -1 with slight decrease on the south and increase on the north. The higher velocities (8.1 km s -1 ) coincide with the Menderes Massif in western Anatolia and Metamorphic Core Complexes in the Aegean. Western Anatolia is characterized by a broad scale lithospheric extension. Extension started as early as Late Oligocene and widespread by the Late Miocene (Angelier 1978; McKenzie 1978; Le Pichon & Angelier 1981; Şengör et al. 1984; Taymaz et al. 1991) . The GPS surveys show that N-S oriented crustal extension increases in amplitude from north to south (Kahle et al. 1998; McClusky et al. 2000) . Significant crustal stretching and thinning is observed both in western Anatolia and the Aegean Sea. An initial crustal thickness of 45 km is reduced to an average of 33 km since Late Miocene. Metamorphic core complexes observed in the Aegean Sea is a result of such large stretching in the crust. It was pointed out that upper-mantle rocks at high temperatures >800
• C become entirely ductile and the viscosity contrast between lower crust and mantle drops significantly (Ribe 1992) . As a result the Moho topography remains flat and the mantle velocities are more uniform.
Beneath central Greece and Dinaric-Hellenic Mountain chain, the velocities are low (<7.8 km s -1 ) and there is significant trade-off between velocity and anisotropy. In the Adriatic Sea, high Pn velocities (>8.2 km s -1 ) are observed. Similar anomalies are also observed in previous works (Hearn 1999; Al-Lazki et al. 2004) .
A velocity contrast between Pontides and Anatolia-Taurides is observed along the NAF with lower velocities located on the north (Fig. 12) . The contrast is continuous from the eastern part of NAF to the west (>32
• E) with decreasing magnitude. This is an indication that the NAF is following the zone of Neotethyan Suture and penetrating into the uppermost mantle (Bozkurt 2001; Şengör et al. 2005; Biryol et al. 2010) . To the west of 32
• E, the NAF is crossing a higher velocity zone (>8.1 km s -1 ) and a velocity contrast across the fault does not appear.
Pn anisotropy
Work on the mantle anisotropy from various tectonic environments present examples of coherent deformation of crust and mantle (Silver 1996; Savage 1999; Polet & Kanamori 2002; Kreemer et al. 2004 ). However, as in the case of the eastern Mediterranean it is not always possible to find such clear correlations. The source of anisotropy in the upper mantle is considered to be the latticepreferred orientation (LPO) of olivine minerals as a result tectonic deformation (Nicolas & Christensen 1987; Christensen 2004) . Deformation tends to align with the fast axis of olivine mineral in the major strain direction (Ribe 1992) . Therefore, the coherent deformation of the crust and upper mantle would reflect the latest significant deformation on the mantle. In general, the deformation is parallel to the direction of maximum shearing under a simple shear regime. In subduction zones, the fast axis is parallel to the trench and in backarc regions the fast directions are either parallel or perpendicular to trench. Arc-parallel anisotropy may be due to water in the mantle wedge changing the deformation planes in the olivine (Karato & Jung 1998) . The fast axis is parallel to the direction of extension under extensional regime (Silver 1996; Buttles & Olson 1998; Savage 1999; Jolivet et al. 2009 ).
Overall, the anisotropy anomalies observed in this study show a higher level of lateral variations than Pn velocity anomalies (Hatzfeld et al. 2001; Sandvol et al. 2003; Biryol et al. 2010; Evangelidis et al. 2011) . The grey vectors indicate interpolated GPS velocities in Eurasia frame (Özeren & Holt 2010) . The major faults (green) and plate boundaries (black lines) and volcanoes (triangles) are also shown. (Fig. 15) . A maximum value of 0.6 km s -1 which corresponds to about 8 per cent of anisotropy is observed. We obtained large anisotropic anomalies on the southern coast of Anatolia, western Anatolia and central Greece. Large perturbations in anisotropy are observed in the areas of volcanic activity with no clear orientation.
The Pn anisotropy in eastern Anatolia is complex (Fig. 14) . Both directions and magnitudes of the fast axis are varying drastically in the region with low Pn velocities (Fig. 15) . The anisotropy shows no apparent correlation with GPS velocities and SKS splitting directions Biryol et al. 2010) . Partial melt might prevent the formation of preferred orientation by promoting a transition from dislocation creep to diffusion creep (Savage 1999) . If the thermal evolution of eastern Anatolia as a result of subduction detachment is accepted, the absence of mantle lid could explain the observed anisotropic pattern in the upper mantle.
The anisotropy directions are strongly varying along the southern coast of Anatolia indicating significant influence of the subducting plates. An interesting pattern of the anisotropy takes place in the region of Hellenic-Cyprian arcs and DSF. A strong change on the anisotropy orientations is observed between the DSF and the Paphos Transform Fault. This anomaly is located in a region with the minor slab tear observed in deep tomographic images (Biryol et al. 2010) . The flow of asthenospheric mantle through the slab tear could be responsible for such anisotropic fabric.
In western Anatolia, the fast axis is almost in the N-S direction and the amplitude is increasing towards the south (Fig. 14) . However deviations are apparent from N-S direction in the south which may be related to the subduction geometry and tear in the slab. There is more consistency between the anisotropy directions and the maximum extension directions determined from GPS observations (Aktug et al. 2009 ). The magnitude of the anisotropy is quite uniform in the Aegean Sea from north to south and starts diminishing in the area of arc volcanism. Pn anisotropy, SKS splitting directions and GPS vectors are coherent in the Aegean Sea but significantly different beneath the continental Greece (Fig. 14) . The fast axis is oriented at NE-SW in the Aegean Sea and N-S in central Greece. Shear wave splitting vectors indicate NE-SW orientations in the Aegean Sea and NW-SE direction in central Greece (Hatzfeld et al. 2001) . Kreemer et al. (2004) indicated that the present-day extension orientations are systematic in northern Aegean and more N-S oriented than SKS splitting orientations and concluded that the current shear-dominated surface deformation pattern is not (yet) reflected by significant anisotropy in the lithosphere. Along the Hellenic-Dinarides belts, the fast axis is oriented in NW-SE direction parallel to the arc. The observed anisotropy is the result of the subduction although it is not active since the Miocene (Hearn 1999) .
Central Anatolia shows very small anisotropy between 33 • E and 37
• E where low Pn velocities are observed (Fig. 15) . West of 33
• E the fast axis is oriented almost in the N-S direction. Towards north along the Izmir-Eskişehir-Ankara Suture, significant deviations from N-S direction are observed. No clear correlation was observed between the fast axis of Pn anisotropy and the trace of the NAF. The orientation of the fast axis is changing within the central NAFZ from NW in the east to NE in the west.
In the Marmara region, the anisotropy is small and oriented in E-W direction. However, the age of the NAF in the region may not be sufficient to create detectable anisotropic mantle fabric. To reorient LPO in the shear-plane orientation at least 4 Ma are needed and this is consistent with the other observations that the NAF propagated into the Aegean during the Pleistocene (Kreemer et al. 2004; Şengör et al. 2005) . Between Greece and Marmara regions, the fast axis of anisotropy align better with the geometry of the NAF but this may be more related the NE-SW regional extension. We computed crustal thickness variations using the station delays. We selected the stations with station errors less than 0.5 s which correspond to ±6 km crustal thickness errors. The selected station delays show non-uniform distribution throughout the region. We used a krigging algorithm to interpolate the station delays for a more uniform distribution. We then converted the station delays to crustal thicknesses. The regional variations of crustal velocities are not known well. We therefore used a constant velocity of 6.3 km s -1 . For 1.0 s delay time, the change in the crustal thickness is approximately 11 km and ±10 per cent perturbation of the crustal velocity would result in ±1.5 km change in the thickness assuming an upper-mantle velocity of 8 km s -1 . It is important to remember that the crustal thickness determined from the delay time of a station sample an area of ∼70 km in diameter. Additional smoothing imposed by the krigging limits the horizontal resolution. Fig. 17 shows the crustal thickness variations. Large thicknesses are observed along the southern coast of Turkey (40-48 km) and on the Dinarides-Hellenides arc (40-48 km). In the eastern Anatolia thicknesses are varying from 38 to 40 km. The crust is thinner beneath the Arabian Plateau varying between 32 and 36 km. In the western Anatolia and the Aegean Sea the thicknesses are varying between 28 and 32 km.
Station delays
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In eastern Anatolia, Zor et al. (2003) computed crustal thickness between 40 and 48 km. The average crustal thickness is varying from 38 km beneath the Arabian platform to 50 km on the Pontides with a regional average of 45 km (Gök et al. 2007) . The values obtained in this study are quite lower (40-42 km). The large station errors in the area are the indication of insufficient number of Pn arrivals and the average crustal velocity may not be representative of the region.
In the Marmara region the average crustal thickness is ∼32 km. Laigle et al. (2008) obtained the crustal thickness beneath the Sea of Marmara as 26 km and thicker in the east and west of the sea. The receiver function analyses indicate average crustal thickness of ∼30 km on the north of Marmara Sea and increasing to ∼34 km on the south (Zor et al. 2006) .
The Moho depths in the Aegean are varying between 28 and 32 km. Based on the receiver function analysis, Sodoudi et al. (2006) computed crustal thicknesses of 20-22 km on the southern part of the Aegean and found relatively thicker crust (25-28 km) on the northern Aegean Sea. Similar values were obtained by DiLuccio and Pasyanos (2007) indicating an increase of crustal thickness of 20-25 km in the southern and central-western Aegean, whereas reaching 32 km in the northern Aegean.
The crustal thickness obtained from receiver function analysis at Isparta Angle is found ∼42 km, significantly thicker than 35 km in central Anatolia . The results in this study indicate a significant increase in the crustal thickness from the Isparta Angle (∼39 km) towards the southern coast of Anatolia (∼48 km). Such a large increase can be attributed to the subduction of African lithosphere.
C O N C L U S I O N S
We presented a new tomographic image of Pn velocities beneath Turkey and surroundings. Both the quality and quantity of the observations provided finer details of the upper-mantle velocity perturbations and anisotropy. The most general feature of the tomographic images is the Anatolian Block characterized by low-moderate Pn velocities surrounded by higher velocities of oceanic crust and often associated with volcanic arcs. The low velocity anomalies observed in the eastern Anatolia is associated with the volcanism following the break off of the subducting oceanic lithosphere. Along the NAF a large velocity contrast but no clear anisotropic orientation related to shear deformation is observed. In western Anatolia and the Aegean Sea, Pn velocities show relatively small perturbations from the average value of 8.0 km s -1 . The anisotropy is mostly in the N-S direction and consistent with the regional extension. Both Pn velocity and anisotropy along the coast of southern Anatolia and easternmost Mediterranean shows strong perturbations. These perturbations are related to the present geometry of the subducting slabs and the flow of asthenospheric mantle due to the slab tears. The large crustal thicknesses are estimated along the southern coast of Anatolia and Dinarides-Hellenides. A gradual increase in the crustal thicknesses is observed from the Aegean Sea (28-30 km) to the central Anatolia (35-37 km) .
The results presented in this study put more constraints on the active tectonics in the region. The coherence of the Pn anisotropy, SKS splitting directions and GPS velocities show that the Aegean Sea is the only region in the study area that whole lithosphere is deforming coherently. This may indicate that one of the driving forces for the active tectonics beneath the Aegean is mantle flow. In other parts of the region such coherence is not apparent. The mechanisms such as density driven convections (e.g. Faccenna & Becker 2010) , smaller scale mantle flow related to slab tears as well as the extrusion of the Anatolian Plate should be considered for a more comprehensive model. More detailed observations on SKS splitting directions with better density models derived from teleseismic and surface wave tomography will allow us to evaluate the alternatives. The results of the Pn tomography will play important role to validate the hypotheses as it provides the critical information on the deformation between surface observations and mantle flow.
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